Two IFREMER oceanographic surveys carried out in the northwestern Black Sea in 1998 and 2002 complement previous seabed mapping and subsurface sampling by various international expeditions. They show that the lake level rose on the continental shelf to at least the -40 to -30 m isobath based on the landward limit of a Dreissena layer representative of very low salinity conditions (<5‰). The Black Sea then shows clear evidence for an onset of marine conditions at 7150 BP. From these observations, Ryan et al. (1997) concluded that the Black Sea could have filled abruptly with saltwater cascading in from the Mediterranean. Despite critical discussions of this interpretation, recent IFREMER discoveries of well preserved drowned beaches, sand dunes, and soils appear to lend support to the flood hypothesis. This new evidence includes (1) multibeam echo-sounding and seismic reflection profiles that reveal wave-cut terraces at about -100 m, (2) Romanian shelf cores that show an erosion surface indicating subaerial exposure well below the sill of the modern Bosphorus, (3) 14C ages documenting a colonization of the former terrestrial shelf surface by marine molluscs at 7150BP, (4) evidence of sea water penetration into the Black Sea in the form of recent canyon heads at the Bosphorus outlet, and (5) palynological analysis and dinocyst studies that pinpoint the arrival of freshwater during the Younger Dryas and, later, the rapid replacement of Black Sea dinocysts by a
INTRODUCTION
presented astonishing evidence supporting a catastrophic flooding of the Black Sea basin about 7500 years ago and speculated on the role it may have played in the spread of early farming into Europe and much of Asia. Their book, Noah's Flood, The New Scientific Discoveries About The Event That Changed History (Ryan and Pitman 1998) , proposed that the Black Sea flood could have cast such a long shadow over succeeding cultures that it inspired the deluge account in the Babylonian epic of Gilgamesh and, in turn, the story of Noah in the Book of Genesis.
This hypothesis resulted from a joint Russian-American expedition conducted in 1993 on the continental shelf south of the Kerch Strait (Major 1994; Ryan et al. 1997) . High-resolution seismic reflection profiles, cores precisely targeted on these profiles, and 14 C accelerator mass spectrometry (AMS) dating of recovered fauna permitted several conclusions. The survey revealed a buried erosional surface strewn with shelly gravel that extended across the broad continental margin of the northern Black Sea and beyond the shelf break (Evsylekov and Shimkus 1995; Major 1994) . The cores reveled evidence of subaerial mud cracks at 99 m beneath the sea surface, algal remains at 110 m, and in situ roots of shrubs in desiccated mud at ~123 m. Each site lay well below the 70 m depth of the Bosphorus bedrock sill (Algan et al. 2001; GökaÕan et al. 1997) .
The combined evidence suggested to the research team that a drowning event in the Pontic basin may have resulted from a marine transgression into a vastly shrunken lake. It appeared that this inundation subsequently deposited a uniform drape of marine mud upon the former terrestrial surface, creating a sapropel layer equally thick in depressions as on crests of dunes, and with no sign of landward-directed onlap of the sedimentary layers in the drape (Ryan et al. 2003) . The 14 C age determinations documented a simultaneous subaqueous colonization of the terrestrial surface by marine molluscs at 7100 BP, 1 and this date was assigned to the flooding event.
The previous shrunken lake stage and subsequent flooding preclude the possibility of outflow to the Sea of Marmara at that time. Recently, however, Aksu et al. (2002c) presented arguments for persistent Holocene outflow from the Black Sea to the eastern Mediterranean and for non-catastrophic variations in the level of the Black Sea during the last 10,000 years (Aksu et al. 2002a ).
These findings are in direct contradiction to the flood hypothesis.
In 1998 and 2002, two Black Sea projects, one European and the other more broadly international, enabled IFREMER to conduct two oceanographic surveys that afforded the opportunity to complete work previously begun on seabed mapping and subsurface sampling. The main objectives of these cruises were to prepare for the European ASSEMBLAGE Project, which would assess Black Sea sedimentation since the Last Glacial Maximum (LGM), quantify the impacts of climate change, and evaluate the sensitivity of the Black Sea system to external forcing. Progress in resolving these major issues can be achieved only through examination of geomorphology and stratigraphy from the shelf to the abyssal deep in the northwestern corner of the Black Sea. These surveys revealed that lake level in the Pontic basin rose on the shelf to at least the -40 to -30 m isobath, which corresponds to the landward limit of a layer containing the shelly debris of Dreissena rostriformis distincta, a mollusc indicative of freshwater conditions. This rise in freshwater suggests that the lake which preceded the formation of the Black Sea served as an important catchment for meltwater draining out of the Fennoscandian ice cap: Melt Water Pulse 1A during the Bölling-Allerød interval (Bard et al. 1990 ). Possibly, the lake level at this time broke over the sill of its outlet and spilled into the Mediterranean through the Marmara Sea, however, the onset of salt water conditions creating the Black Sea during the mid-Holocene (7150 BP) has been clearly demonstrated. Although opposing hypotheses have been proposed (Aksu et al. 1999b (Aksu et al. , 2002a , recent discoveries of well preserved drowned beaches, sand dunes, and soils provide new evidence supporting the Ryan and Pitman flood hypothesis.
GEOLOGICAL BACKGROUND
The Black Sea is a 2.2 km deep basin with a wide continental shelf in its northwestern corner (Figure 1 ). External connection to the Mediterranean Sea is over a sill within the Bosphorus Strait. The role played by this strait in controlling the salinity and stratification of both seas as well as the production of anoxia in the Black Sea has been often discussed (Arkhangel'sky and Strakhov 1938; Scholten 1974; Muramoto et al. 1991; Rohling 1994; Lane-Serff et al. 1997; Abrajano et al. 2002) . The general view is that during periods of low global sea level, the connection between the Black Sea and the ocean was severed. The Black Sea then freshened as a result of continued river discharge, expanding into a vast, well ventilated lake with a shoreline established at the level of its outlet (Chepalyga 1984; Hodder 1990) , from which excess water was exported to the Mediterranean. The largest European rivers, the Danube, Dnieper, and Dniester, deliver their water and deposit their sediment loads into the northwestern Black Sea. The Danube drainage basin, 817,000 km 2 in areal extent, charges the Black Sea at an estimated rate of 6047 m 5 rivers was probably much higher.
It has long been recognized that the Black Sea became isolated from the Marmara and Mediterranean Seas during glacial intervals when the world ocean level fell below the Bosphorus sill depth (-35 m). It has also been postulated that water level in the Black Sea began to rise in step with that of the Marmara and Mediterranean Seas during times when the level of the world ocean had risen above the Bosphorus sill depth (Degens and Ross 1974) . Recent analyses of sediments deposited along the margins of the Black Sea suggest, however, that water-level fluctuations in the Pontic basin were somewhat more complex, with high lake levels occurring during the wet intervals of late glacial stages and low lake levels occurring during the drier intervals of early interglacials (Chepalyga 1984) .
Another widely accepted hypothesis postulates that the Black Sea had always maintained a continuous outflow through the Bosphorus and Dardanelles Straits, even during the highly arid glacial intervals (Chepalyga 1984; Kvasov and Blazhchishin 1978) . Essentially, this perspective assumes that precipitation and river input into the Pontic basin always exceeded any loss from local evaporation. Indeed, meltwater from the former ice sheets in Fennoscandia, northern Asia (Grosswald 1980) , and the central Alps transformed the Black Sea into a giant freshwater lake a number of times during the past (Federov 1971; Ross et al. 1970) , most recently during the Late Pleistocene Neoeuxinian stage of the LGM, between 25 and 18 ky BP (Arkhangel'sky and Strakhov 1938; Nevesskaya and Nevessky 1961; Nevesskaya 1965; Ross et al. 1970; Fedorov 1971) . Ryan et al. (1997) published evidence suggesting that the Black Sea became a giant freshwater lake during the LGM. This evidence included new AMS 14 C dates, abrupt changes in the organic carbon content, water content, and *
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O from core material dated approximately 7150 BP, as well as the occurrence of a widespread unconformity interpreted as an erosional surface subaerially exposed during the last glacial. The distribution of recorded depths for this unconformity implies that the surface of the freshwater lake must have fallen to levels greater than 100 m below its outlet. Ryan et al. (1997) inferred from this that, by about 7150 BP, the sill depth of the Bosphorus was breached by the rising world ocean, and a catastrophic flooding of the continental shelf of the Black Sea occurred (Figure 2) .
Evidence that does not support the catastrophic flood hypothesis includes variously aged sapropels sampled from the eastern Mediterranean and the Black Sea. Sapropel S1 in the Aegean is generally thought to have been deposited between about 8000 and 5500 BP (Aksu et al. 1999a, b; Fontugne et al. 1994) , although deposition may have lasted until 5300 BP (Rohling and de Rijk 1999) . Aksu et al. (1999a) suggest that during this time, nutrient-rich freshwater from the Black Sea reduced the surface salinity of the eastern Mediterranean, thereby increasing the stability between the surface and deep waters and decreasing deep circulation. As a result, high surface productivity and restricted circulation provided conditions favorable for sapropel formation. Rohling (1994) , however, suggests that sapropel formation in the Black Sea started about 550 years later than it did in the eastern Mediterranean, when denser water from the Mediterranean, upon entering the Pontic basin, displaced the nutrient-rich waters in the Black Sea upward toward the surface (Calvert 1990; Calvert and Fontugne 1987) . This lag is probably too large to be accounted for by the catastrophic flooding hypothesis.
OBSERVATIONS

Acquisition and Processing of Data
During the two campaigns on board the R/V Le Suroît, a DGPS system afforded precise positioning. In some areas (for example, the dune field of Figure 3 ), real-time navigation processing with an accuracy of a few meters made it possible to follow parallel track lines spaced 200 m apart at a speed of 4 knots. The vessel was equipped with a Simrad EM 1000 swath bathymetry system, and very high resolution seismic lines were shot simultaneously using a mud-penetrator and Chirp sonar system. All data acquisition was synchronized and digitally recorded.
An EM 1000 multibeam echo-sounder provided mapped bathymetry by processing the returned echo of each sonic transmission through a selection of 68 pre-formed beams trained across a strip of sea floor effectively four times as wide as the water depth. Each beam gives a depth resolution on the order of 10 centimeters over a five by two meter footprint along the surveyed swath, and all obtained at the survey speed of 4 knots. An image of backscatter reflectance energy was generated along with the digital elevations. Navigation, bathymetry, and image data were processed and synthesized in order to plot positions automatically, and thereby produce bathymetric maps and an image mosaic.
The very high resolution seismic reflection sources were a single channel mud-penetrator with a central frequency around 2500 Hz and an XSTAR Chirp sonar, sweeping between 4 and 16 kHz. The digital data acquisition was done in real time on the Triton-Elics Delph PC-based system.
Coring was achieved using a Kullenberg piston core and, in some cases, a vibrocorer. 
Topography
Bathymetry data provided by the multibeam echo-sounder are illustrated in Figure 4 . Prominent in the northern half of the survey area are linear ridges four to five meters in relief with an average spacing of 750 m. The ridges strike almost uniformly at an azimuth of 75±10°, they typically show asymmetrical cross-sections with the steeper sides facing to the southeast, and they reveal a length to width ratio exceeding four. Also, numerous depressions 100 to 1800 meters in diameter and 3 to 9 meters deep populate the southern half of the corridor. Depths of individual depressions are greatest at the base of their northeast walls, and they shoal to the southwest. In the center of the surveyed corridor, some depressions align within the troughs between the linear ridges.
Subsurface Structure
The ridges and depressions can be viewed in cross-section using high resolution seismic reflection profiles. The sub-bottom profiler and Chirp sonar provide seismic penetration to tens of meters and define layering to the sub-meter scale. The profiles indicate that the ridges in the north are asymmetrical, and with one exception, their steeper side faces to the southeast. These ridges are superimposed on a reverberant "bottomset" reflector that is sometimes conformable with subjacent strata, but in many cases truncates them ( Figure 5 ). Although the high ground in the south has a mound-like appearance, seismic surveys show an asymmetrical cross-section with the crest and steeper slope predominantly located on the south side. The interiors of the ridges and mounds contain steeply-dipping "foreset" clinoforms with the same asymmetry and orientation as the crosssection topographic profiles. 
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The ridges, mounds, and depressions of the mid and outer shelf are everywhere draped by a thin layer of sediment of remarkably uniform thickness, no more than a meter ( Figure 5 ). The linear ridges surveyed in this study are aligned somewhat obliquely to the regional bathymetric contour and to the paleo-shoreline outlined by wave-cut terraces (Figure 6 ). 
Sediment Cores
Sediments obtained by coring provide ground truth for the reflection profiles. Sampling into the interior of a ridge on the dune field (core BLKS9837 taken in a water depth of 68 m, core length 190 cm, position N44°00.54'-E029°58.87') recovered dark sand rich in opaque heavy minerals and shell fragments (Figure 7) . Sampled minerals include quartz, garnet, and ilmenite. Shell fragments belong to freshwater mussels of Dreissena rostriformis distincta. Coring of the bedded sediments underlying the dunes and upon which they formed extracted silty red and brownish clay with thin lenses containing fresh to slightly brackish water molluscs (Dreissena and Monodacna spp., respectively). These molluscan specimens return AMS radiocarbon dates spanning the interval 8585 to 10,160±90 BP (without reservoir and dendrochronologic calibration).
Molluscs recovered in the cores from within the uniform surface drape reveal exclusively saltwater species, such as Mytilus edulis (also known as Mytilaster) and Cerastoderma edule. Those sampled near the base of the drape date between 6590 and 7770±80 BP.
Cores that penetrated though the drape reveal a sharp basal contact between the overlying organic mud with its marine molluscs and an underlying sand of variable thickness, rich in Dreissena sp. detritus. Recent palynological and dinocyst analyses by Speranta-Maria Popescu (Popescu et al. nd) on samples from within these cores indicate an abrupt freshwater transition during the Younger Dryas followed by an abrupt replacement of the Black Sea dinocysts by a Mediterranean population at 7150 BP. 
DISCUSSION
The sand dune fields and associated wave-cut terrace are interpreted as coastal zone relics that have persisted since 9680 to 8360 BP. At that time, a wave-cut terrace presently at -100 m with dunes and pans between -80 and -65 m would have lain well below the level of the external ocean (Fairbanks 1989) . A lake could have existed below global sea level only if the Bosphorus barrier was higher than the external ocean, thereby preventing outflow. Burial of the dunes and pans by a drape of mud is not sufficient to imply a sudden infilling of the depression once the Bosphorus barrier was breached, but considering the evidence of (1) an abrupt transition from shell hash (a very condensed layer with brackish fauna) to mud, and (2) the impressive preservation of dunes and pans with no preferential infilling of the depression, a rapid terminal transgression of the Black Sea seems a compelling interpretation. The Caspian Sea, which appears to have experienced similar phenomena (with the exception of the last reconnection), reveals in the Iranian coastal regions of Mazandaran and Gilan comparable sand dunes on the terrestrial surface as high as 20 m that lie parallel to the seashore and which contain sandy particles and fragments of shells. The relic Black Sea dunes are occasionally cut across by aeolian deflation, which testifies to a previous lowstand.
Water-level fluctuations in the Black Sea appear to be directly linked to climate variability (Kvasov 1975; Svitoch et al. 2000) . The Caspian Sea, another enclosed basin, reacted similarly. When not connected to the Mediterranean via the Black Sea, it reached highstands and achieved outflow in cold periods and drew down to lowstands through evaporation in warm periods. When the Mediterranean Sea penetrated the Dardanelles Strait at ca. 12,000 BP, the level of the Marmara was below its outlet (Aksu et al. 1999b (Aksu et al. , 2002b .
Whether catastrophic flooding is hydraulically possible remains open to question. Lane-Serff et al. (1997) used a hydraulic model for the events following the connection of the Black Sea to the Mediterranean and assumed that the sill cross-section has remained more-or-less unchanged. They showed that significant freshwater outflow from the Black Sea occurred only 500-1000 years after sea level in the Mediterranean reached the Bosphorus sill depth. A two-layer exchange between the two seas was initiated when an upper limit to the water flux was able to pass over the sill. This delay corresponds in order of magnitude to the lag between the onset of sapropel deposition in the Mediterranean and that in the Black Sea. Furthermore, they also demonstrated that it took 2500-3500 years for the bulk of the freshwater in the Black Sea to be replaced by salty Mediterranean water and for euryhaline-marine conditions to be established. This period corresponds to the time of eastern Mediterranean sapropel deposition.
Debate continues about whether a catastrophic flood in the Black Sea significantly impacted the habitation, migration, and cultural practices of the European Neolithic population. The archaeological interpretations presented by Ryan and Pitman (1998) depend upon the principal archaeological assumption that after the onset of agriculture, the ancient Near East suffered a drought that forced the first farmers to find refuge in a more hospitable climate, that of the pre-flood Black Sea coast. Kalis et al. (2003) suggest that a more realistic picture of the Neolithic diaspora into Europe consists of various waves, currents, and eddies of people, bringing animals and plants. In some areas, an influx of migrating farmers replaced sparse local foraging populations with Neolithic agricultural communities. Elsewhere, early farming communities appeared as isolated pioneer outposts within a multicultural landscape of foragers and farmers.
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CONCLUSION
Recent surveys carried out on the northwestern continental shelf of the Black Sea imply that the early Holocene lake level rose on the shelf to at least the -40 to -30 m isobath as evidenced by the landward limit of the Dreissena layer, which is characteristic of freshwater conditions. This rise in freshwater level is consistent with interpretations of the Pontic basin as an important catchment for meltwater drained from ice caps during Melt Water Pulse 1. It is possible that the lake, having filled with freshwater at this time, rose to the level of its outlet and spilled into the Mediterranean. However, in the mid-Holocene, at 7150 BP, the onset of salt water conditions is clearly evidenced in the Black Sea. From these observations, Ryan et al. (1997) came to the conclusion that the Black Sea could have been filled by saltwater cascading from the Mediterranean.
Despite discussions to the contrary, recent IFREMER seismic surveys indicate the presence of well preserved drowned beaches, sand dunes, and soils supporting the interpretations of Ryan and Pitman that the Black Sea was rapidly filled with marine water from the Mediterranean during the mid-Holocene.
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ENDNOTES
1. The abbreviation BP means radiocarbon years before present (1950) with neither correction for reservoir age nor calibration to calendar years. In Ryan et al. (1997) and Ryan and Pitman (1998) , ages were expressed in calendar years, with 7500 calBP (= 5550 BC) equivalent to 7100 BP.
